Introduction
Recently high-and ultra high-strength low alloy TRIPaided steel associated with transformation induced plasticity (TRIP) 1) was developed for the automotive applications to attain weight reduction and to improve the impact safety of vehicles. The TRIP-aided steel possesses excellent formability. [2] [3] [4] [5] [6] [7] [8] [9] Therefore it is expected to be used for the automotive impact members and center pillars.
At present, TRIP-aided steels with polygonal ferrite [2] [3] [4] [5] [6] [7] matrix (TDP steel), bainitic ferrite 8) matrix (TBF steel) and annealed martensite 9) matrix (TAM steel) have been developed. Particularly, TBF steel is able to obtain a high tensile strength more than 1 000 MPa. In this case, however, it is a concern that delayed fracture occurs for the TBF steels in the same way as conventional high strength steels. [10] [11] [12] [13] The authors 14) reported that TBF steel has low hydrogen embrittlement susceptibility and high delayed fracture strength by hydrogen trapping on retained austenite. Since it is known that retained austenite characteristics of TBF steel greatly affect delayed fracture properties, it is considered whether the addition of alloying element affects delayed fracture properties of TBF steel.
In the present study, the effect of aluminum addition on hydrogen absorption behavior and delayed fracture properties of the TBF steel were investigated. Also, they were related with microstructural features and retained austenite characteristics of the steel.
Experimental Procedure
In this study, four kinds of vacuum melted and forged slabs with different aluminum content (steels A through D) as listed in Table 1 were produced under condition of constant content of silicon and aluminum (SiϩAlϭ1.5 mass%). For comparison, steel E with increased manganese content was also prepared. Martensite-start temperature (M S ) of the steels in the To improve the delayed fracture strength of ultra high-strength low alloy TRIP-aided steels with bainitic ferrite matrix (TBF steels), the effects of aluminum content on hydrogen absorption behavior and delayed fracture properties of 0.2%C-0.2-1.5%Si-1.5%Mn TBF steel were investigated. When aluminum was added to the TBF steel, the diffusible hydrogen increased. It was expected that the hydrogen was charged not only in retained austenite films but also on lath boundary. Delayed fracture strength of TBF steels containing aluminum were significantly increased, compared with conventional TBF steel. This was mainly caused by (1) suppression of the stress-assisted martensite transformation resulting from the stabilized or carbon-enriched retained austenite, (2) hydrogen trapping to refined interlath retained austenite films and lath boundary, and (3) relaxation of localized stress concentration by TRIP effect of the retained austenite.
KEY WORDS: TRIP-aided steel; ultra high strength steel; aluminum; retained austenite; hydrogen; delayed fracture. where %C, %Mn, %Si, %Al and %Mo represent contents of individual alloying elements, respectively. Hot-rolling process and heat-treatment diagram are illustrated in Fig. 1 . First, slabs were heated to 1 200°C and hotrolled to 3.2 mm thickness to a finishing rolling temperature of 850°C and then cold-rolled to 1.2 mm thickness. Next, the sheet steels were annealed at 1 000°C for 1 200 s in austenite region and then austempered at 300-475°C for 200 s in salt baths to make the TBF steels with different tensile strength.
Volume fraction of retained austenite was quantified from integrated intensity of (200)a, (211)a, (200)g, (220)g and (311)g peaks by X-ray diffractometry using Mo-Ka radiations.
16) The carbon concentration (C g mass%) was estimated from the following equation. In this case, lattice constant was measured from (200)g, (220)g and (311)g peaks of Cu-Ka radiation. 17) a g ϭ3.5780ϩ0.0330C g ϩ0.00095Mn g ϩ0.0056Al g ϩ0.0220N g ϩ0.0051Nb g ϩ0.0031Mo g ................ (2) where Mn g , Al g , N g , Nb g and Mo g represent concentration of individual elements (mass%) in retained austenite, respectively. In this study, we conveniently used added content instead of these concentrations.
Tensile tests were carried out on a hard type of testing machine at 25°C and at a crosshead speed of 1 mm/min (strain rate of 8.33ϫ10 Ϫ4 /s), using JIS14B-type tensile specimens of 15 mm gauge length, 6 mm width and 1.2 mm thickness.
Hydrogen was charged by the cathode charge method. The charging bath composition and current density are listed in Table 2 . Total amount of solute hydrogen was measured by TCD (Thermal Conduction Detector). The amount of diffusible hydrogen was measured by TDS (Thermal Desorption Spectrometry). Specimen charged hydrogen was kept in liquid nitrogen to prevent hydrogen evolution from the specimen.
Constant load tests by 4-point bending 14) were conducted in a H 2 SO 4 ϩKSCN solution with hydrogen charging at 25°C using rectangular specimens of 65 mm length, 10 mm width and 1.2 mm thickness. Maximum fracture strength enduring for 5 h was defined as delayed fracture strength (DFL) in this study.
Results

Microstructure and Tensile Properties
Typical micrographs of TBF steels are shown in Fig. 2 . As austempering treatment was carried out at temperatures below M S , the matrix structure of all TBF steels consists of bainitic ferrite and martensite with high dislocation density. Retained austenite films are located at these lath boundaries. Addition of aluminum tends to refine these lath structures and retained austenite films (Fig. 2(b) ). On the other hand, the microstructure of TBF steel with manganese is not changed so much (Fig. 2(c) ).
Tensile properties and retained austenite characteristics of TBF steels are listed in Table 3 . Tensile strength (TS) of these steels are between 1 108 and 1 420 MPa, and the total elongation (TEl) are between 9.3 and 16.7 %. Tensile strengths of steels B, C and D decrease with increasing aluminum content because of silicon removal of the same content. On the other hand, manganese addition increases the tensile strength even when austempered at temperatures above 375°C. Yield ratio (YR) of the TBF steels are increased by aluminum and manganese addition. It is not observed that the addition of aluminum and manganese has an effect on total elongation of TBF steels. Initial volume fractions of retained austenite (f g0 ) of steel A are between 3.4 and 4.8 vol%, and its carbon concentration (C g0 ) are between 0.85 and 1.30 mass%. Initial volume fractions of retained austenite of TBF steels with aluminum are the same grade as steel A. However, its carbon concentration increases with added amounts of aluminum. On the other hand, in steel E, initial volume fraction of retained austenite is increased, with a decrease in C g0 . These results are the same as previous studies. 18, 19) Figure 3 shows the relationship between total charged hydrogen concentration (H T ) and tensile strength (TS ) of TBF steels after hydrogen-charging for 15 min. The total charged hydrogen concentration is hardly changed by aluminum addition. When manganese is added, the total charged hydrogen concentration apparently increases. Figure 4 shows hydrogen evolution curves of typical TBF steels. The diffusible hydrogen increases with added aluminum content, although total charged hydrogen concentrations of steels A and D are almost the same, as shown in Fig. 4 . In this case, the peak temperature of the evolution rate of steel D is the same as the base steel (steel A). On the other hand, manganese addition raises the peak temperature, with an increase in diffusible hydrogen concentration. Figure 5 shows typical applied bending stress (s A )-time to fracture (t f ) curves of TBF steels. Figure 6 shows the variations in delayed fracture strength (DFL) of TBF steels as a function of tensile strength (TS). In TBF steels, delayed fracture occurs at more than 1 200 MPa. It is found that the delayed fracture strength is increased by aluminum addition, especially by aluminum addition of 0.5 mass%. On the other hand, manganese addition considerably deteriorates the delayed fracture strength.
Hydrogen Absorption Property
Delayed Fracture Strength
Typical scanning electron micrographs of delayed fracture surface of TBF steels are shown in Fig. 7 . Steels A and D exhibit mainly quasi-cleavage fractures. On the other hand, intergranular fractures take place in steel E. Table 3 . Tensile properties and retained austenite characteristics of steels used.
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Fig. 3. Variations in total charged hydrogen concentration (H T )
as a function of tensile strength (TS ) of steels A-E. Hydrogen charging time: t C ϭ15 min, and current density: 500 A/m 2 .
Fig. 4.
Comparison of hydrogen evolution curves of steels A, D and E. Hydrogen charging time is t C ϭ15 min and current density is 500 A/m 2 . 
Discussion
Effect of Alloying Elements on Hydrogen Absorption Properties
In this study, a large amount of total charged hydrogen concentration was found in steel E (Figs. 3 and 4) . Generally, hydrogen is trapped at carbide/matrix interface, 20, 21) on dislocation 22) and on grain boundary 21) in many ultra highstrength steels. The present TBF steels did not contain any cementites, although TBF steels included a large amount of retained austenite films, particularly in steel E (5.5-11.9 vol%). According to a previous study, 14) total charged hydrogen concentration was linearly related with an initial volume fraction of the retained austenite in 0.4C-1.5Si-1.5Mn TBF steel (980-1 960 MPa). As shown in Fig. 8 , a similar result was obtained in the present study. Moreover Chan et al. 23) have reported that martensitic steels containing retained austenite absorbed more hydrogen than martensitic steels without retained austenite, and this result was caused by a great deal of hydrogen trapping at retained austenite/martensite interface. Therefore, the high total charged hydrogen concentration of steel E may be caused by a high volume fraction of retained austenite. Also, it was indicated that these hydrogen absorption properties were independent of its carbon concentration. In this case, it was expected that most of hydrogen were trapped in retained austenite films and/or at retained austenite/matrix interfaces.
In this study, in TBF steel containing manganese, the peak temperature shifted to a higher temperature with increasing amount of diffusible hydrogen concentration. On the other hand, there was high dH/dt at the same peak temperature as steel A, although the amount of total charged hydrogen concentration of steel D was hardly changed. It was reported by Tsubakino et al. 11) that the hydrogen which evolved at about 100°C corresponded to hydrogen trapping at grain boundaries, at carbide/matrix interfaces, on dislocations and on vacancies, and a peak of about 130°C was hydrogen evolved from retained austenite. Furthermore it was pointed out by Gu et al. 24) that an increase of lath boundary area led to increase in the hydrogen trapping site in 1 500 MPa grade bainite/martensite dual-phase steels containing retained austenite. The lath microstructure of TBF steel was refined by aluminum addition, with refined lath structure (Fig. 2) . Therefore, it was considered that a large amount of hydrogen evolution at high temperature of steel E was associated with the existence of a great deal of retained austenite and an increase in dH/dt at peak temperature of about 110°C of the steel D was associated with increase in the lath boundary area.
Strain-induced Transformation and Stress-as-
sisted Transformation of Retained Austenite Generally, stability of retained austenite is deteriorated by hydrogen absorption. Figure 9 shows volume fraction of retained austenite of TBF steels after delayed fracture tests. This figure suggested that volume fraction of retained austenite was decreased by hydrogen absorption, and as applied stress was higher, volume fraction of retained austenite become lower. Also, deterioration of volume fraction of retained austenite of steel D having high carbon concentration of retained austenite was smaller than that of steel E. These results were able to be explained by the mechanism of martensite transformation and the change in free energy 25) (Fig. 10) . M S temperature of austenite (M S * in Table 1 ) of steel A (T A ϭ325°C) calculated from Eq. (1) was more than room temperature. On the other hand, M S temperature of austen- ite of steel D (T A ϭ325°C) was considerably low compared with delayed fracture testing temperature. However retained austenite became unstable because of hydrogen absorption. Therefore M S and M S s temperatures were increased. Then it was easy to change from retained austenite to martensite when a bending load was applied to the specimen (hydrogen-assisted and/or stress-assisted transformation). However, in steel D, the influence of increasing M S and M S s temperatures by hydrogen absorption was removed by deteriorating M S and M S s temperatures by high carbon concentration of retained austenite. So it was considered that the transformation of retained austenite of steel D occurred not by hydrogen-assisted and/or stress-assisted but strain-induced transformation.
On the other hand, in steel A, though testing temperature was above M S temperature, transformation of retained austenite was assisted by hydrogen and/or stress. Moreover T 0 and M S temperatures of retained austenite seemed to increase because of effects of hydrogen and stress. This promoted hydrogen-assisted and/or stress-assisted transformation of retained austenite with lower carbon concentration.
High Delayed Fracture Strength of TBF Steel
Containing Aluminum In this study, steels B, C and D achieved higher delayed fracture strength than steel A. Generally aluminum addition hardly changes the volume fraction of retained austenite, but promotes carbon-enrichment in retained austenite if austempering treatment is employed after annealing, because aluminum anticipates the start of ferrite transformation 26) and suppresses cementite precipitation. Moreover, aluminum increases T 0 temperature which inspires the concentration of carbon to retained austenite during austempering treatment. 18) Resultantly, aluminum addition enhanced the mechanical stability of retained austenite (and constrained hydrogen-assisted and/or stress-assisted transformation). In addition, yield stresses of the TBF steels were increased by aluminum addition (the yield ratios were also increased), although tensile strength of the TBF steels with aluminum were deteriorated. These higher yield ratios bring lower applied stress compared with yield stress enough. Therefore, it was considered that TBF steels containing aluminum were suppressed stress-assisted transformation of retained austenite and increased delayed fracture strength.
Generally, when retained austenite charged with much hydrogen transforms to martensite, a lot of hydrogen evolves to other hydrogen trapping sites such as on grain boundary, on dislocation etc. because there are large differences in hydrogen absorption properties between retained austenite and martensite. In this study, quasi cleavage fracture was observed on fracture surface of steels A and D, differing from the intergranular fracture of steel E, as shown in Fig. 7 . In addition, TBF steel containing aluminum indicated refined lath structure, and retained austenite existed refined and uniformly along the lath boundary.
The lath boundary is able to become a valid hydrogen trapping site 24) as well as retained austenite. So, it is considered that the hydrogen exists uniformly and hydrogen concentration at the grain boundary was decreased in the steels containing aluminum because of hydrogen trapping on refined lath boundary and in retained austenite. Moreover, in the TBF steels with aluminum, since hydrogen did not evolve from retained austenite by the suppression of hydrogen-assisted and/or stress-assisted transformation of retained austenite, hydrogen diffusion to other hydrogen trapping sites was suppressed. In addition, the localized stress concentration was relaxed by strain induced plasticity of stabilized retained austenite. This may contribute to suppress crack and/or void initiations at the grain boundary.
Conclusions
Hydrogen absorption properties and delayed fracture strength of TBF steels containing aluminum were investigated to improve the delayed fracture resistance of TRIPaided steels. The results are summarized as follows.
(1) The total charged hydrogen concentration was hardly influenced by aluminum content. However, hydrogen evolution concentration of TBF steel with aluminum increased, compared with base steel without aluminum, although the peak evolution temperature was nearly the same as that of steel A. This was because the hydrogen was charged on lath boundary which was refined by the aluminum addition.
(2) Delayed fracture strength of TBF steels containing aluminum of 0.2-1.0 mass% increased vastly, compared to the TBF steel without aluminum. This result was explained as follows. (i) Hydrogen-assisted and/or stress-assisted martensite transformation of retained austenite was suppressed by aluminum addition, because the retained austenite was stabilized or carbon-enriched. (ii) The diffusible hydrogen of the TBF steel containing aluminum was trapped on lath boundary increased by refining due to aluminum addition and in refined and stabilized retained austenite. (iii) The localized stress concentration was relaxed by strain induced plasticity of stabilized retained austenite.
